Background Distal radius reconstruction after en bloc tumor resection remains a surgical challenge. Although several surgical techniques, either reconstructing the wrist or achieving a stable arthrodesis, have been described, it is unclear to what degree these restore function. Description of Technique We describe an updated technique making use of a tibia cortical strut autograft (TCSA) to perform a functional arthrodesis from the remaining radius to the first carpal row. This, in theory, could lead to less donor site morbidity while resulting in a stable but functional and pain-free arthrodesis of the wrist. Methods Between 1987 and 2010 we reconstructed the wrists of 17 patients using a TCSA arthrodesis (six primary and three revisions), seven with an osteoarticular allograft, three using an ulnar translocation, and one with a fibula autograft. Median age at diagnosis was 24 years (range, 9-58 years) and minimum followup was 2.7 years (median, 13.8 years; range, 2.7-24.5 years). Patients were evaluated using radiographs and clinical examination. We used Musculoskeletal Tumor Society (MSTS), Disabilities of the Arm, Shoulder, and Hand (DASH), and SF-36 questionnaires to assess function and quality of life. Results All TCSA reconstructions fused; one patient had a second surgery to expedite union with the carpal row. After osteoarticular allograft, five patients were revised (three to a TCSA) for nonunion, fracture, or joint collapse. ROM and grip strength were comparable in both AO and TCSA, all above 60% of the contralateral side. Median MSTS and DASH scores were 73% and 6, respectively, and did not differ between the groups. The SF-36 scores showed less pain after TCSA; otherwise, all patients presented with comparable function. Conclusions TCSA wrist arthrodesis resulted in a functional and painless wrist reconstruction with a relatively low complication and donor site morbidity rate and comparable functional results as other techniques.
Introduction
The distal radius is a relatively uncommon location for primary skeletal tumors, because malignant bone tumors represent only 3% of all upper limb tumors [12, 16, 22] . However, it is the third most common site of benign giant cell tumors of bone. Approximately 12% of all giant cell tumors present in the distal part of the radius [5, 6] .
A few decades ago, malignant tumors of the distal radius were usually treated with surgery alone, usually necessitating limb amputation in the majority of cases [1] . With the introduction of neoadjuvant chemotherapy, limb salvage surgery has also become a well-accepted treatment option for bone tumors about the wrist [1, 2, 4, 11, 16, 17] . In most cases the surgeon can now achieve sufficient margins after resection for malignant and locally aggressive benign bone tumors to achieve local control [16, 27] and maintain upper limb function [4, 18, 19, 30] . However, reconstruction of the wrist after en bloc resection of the distal radius has remained a surgical challenge, mainly because of high functional demands of the hand in young patients with relatively long life expectancies for which long-term stable and painless hand function has been a primary surgical goal. In addition, tumors of the distal radius present specific difficulties for reconstruction after resection as a result of limited cover of soft tissue of tendons, adjacent neurovascular structures, and carpal bones [5, 13] .
Several surgical procedures for wrist reconstruction after wide resection have been described. In 1975 Campbell and Akbarnia [6] described an arthrodesis technique using bone graft harvested from the posteromedial surface of the proximal tibia. Another technique providing a possibly more functional reconstruction made use of a fresh-frozen osteoarticular allograft to reconstruct the wrist [4, 17, 28] . Recent reports suggest ulnar translocation can provide a functional reconstruction in young children [3, 7, 27] . The adjacent distal ulna was transferred into the bony defect left behind after resection of the distal radius. Finally, both vascularized and nonvascularized autologous-free fibula graft have been proposed to reconstruct or fuse the wrist after resection [11, 18, 20, 21] . These techniques all came with their unique possible advantages and complications, but a gold standard for distal wrist reconstruction has not been established.
Although reconstructing the wrist using either an osteoarticular allograft (adults) or vascularized ulna of fibula (children) may maintain wrist function, these reconstructions are prone to instability, dislocation, and early joint collapse [4, 17] . Reconstructing the distal radius with a free (vascularized) fibula with arthrodesis prevents complications at the cost of wrist flexion but can be accompanied by donor site morbidity [11] .
The purpose of this study was to describe the adapted surgical technique for a tibia cortical strut autograft wrist arthrodesis and describe its indications and complications. Additionally, we evaluated the functional outcome and quality-of-life scores for this procedure and compared them with fresh-frozen osteoarticular allograft and the available literature.
Surgical Technique
The surgical technique for arthrodesis using an tibia cortical strut autograft (TCSA) was adapted by the senior author (AMH) following the article published by Campbell and Akbarnia in 1975 [6] . The indications for this TCSA reconstruction were: radical resection of the distal radius for a malignant bone or soft tissue tumor involving the distal radius; primary or recurrent giant cell tumor of the distal radius requiring an en bloc resection of the distal radius; and finally failure of a different reconstruction of the wrist (eg, osteoarticular allograft, allograft wrist arthrodesis). The contraindications were malignant tumor involvement of the radiocarpal joint and insufficient possibilities for soft tissue coverage.
The tibial strut graft was removed from the donor site (ipsilateral proximal tibia) from just under the tibial tuberosity with an average length of 21 cm (Fig. 1 ). This provided enough length for the graft and prevented for both tibial tuberosity pain and complications of the patella tendon insertion. The surgeon carefully dissected the periosteum to allow for primary closure over the defect, providing better bone healing and less postoperative pain resulting from swelling. The strut was then cut to size and the remaining tibia strut graft could later be used for volar support. The carpal bones were prepared using an oscillating saw and osteotome, creating a docking site freed of cartilage in the scaphoid and lunate bones (Fig. 1 ). The opening into the carpal bones was prepared to fit the size of the tibial strut. The surgeon placed two nonabsorbable sutures on both sides of the longitudinal osteotomy to later close the osteotomy and fix the strut graft. No additional fixation was necessary for the distal docking site because the strut was press-fit into the first carpal row, creating a primary stable construct ( Fig. 1 ). After inserting and fixating the strut into the carpal bones, the surgeon fixed the proximal docking site to the remaining distal radius using two tricortical screws. He could then fix the remaining tibial strut on the volar side of the carpal bones, allowing for additional volar support and the bone-stock using nonabsorbable sutures (Fig. 2) . The cancellous sides of the strut grafts are compressed to expedite union; no additional bone grafting was necessary in these cases. The distal radioulnar joint was not restored or stabilized using internal fixation. Postoperatively, the forearm was immobilized in a (removable) spica cast until we observed radiographic union. A Sarmiento brace is applied for 6 weeks protecting the donor site from possible fracture and pain. Full weightbearing is allowed from Day 1.
Ulna transposition reconstruction was performed as described in previous studies [3, 7] .
For osteoarticular reconstruction, we templated an osteoarticular allograft ordered preoperatively from the tissue bank (BIS Foundation, Leiden, The Netherlands). After aseptic recovery and processing, all allografts for these reconstructions were fresh-frozen at À80°C. To ensure optimal articular cartilage integrity, none was secondarily sterilized with chemicals or radiation. We performed this reconstruction using the technique earlier described by Kocher et al. [17] .
Postoperatively, the forearm was immobilized in a cast until we observed the first signs of radiographic union. Wrist mobilization was started with initial supervised physiotherapy and home exercises. All patients were advised not to engage in contact sports or strenuous activities before full union was appreciated on followup radiographs.
Patients and Methods
Using our bone and soft tissue tumor database we identified 43 patients who were treated between 1987 and 2009 for a tumor about the wrist. Of these, 17 underwent wide resection and reconstruction of the distal radius/wrist ( Fig. 1 ). All patients were operated on by the senior author (AHMT). There were 10 female and seven male patients with a median age at diagnosis of 24 years (range, 9-58 years). The right radius was affected in 11 patients and the left in six. The dominant extremity was involved in nine cases. The diagnostic protocol consisted of standard radiographs of the wrist, dynamic MRI, and sharp needle biopsy. The histological diagnoses included: giant cell Table 1) . We attempted to contact all 17 patients by letter and telephone, informing them of this study. Three patients were lost to followup because they had moved abroad, and one patient had died of disease. The 13 remaining patients were free of disease at last followup. Because clinical and radiographic review was part of our standard clinical followup, no patients were recalled specifically for this study. The minimum followup was 2.7 years (median, 13.8 years; range, 2.7-24.5 years). Our local ethics committee deemed that signed informed consent for participation was not necessary. Of the original 17 patients, seven were initially treated with an osteoarticular allograft, five primarily, and two after curettage and filling with bone cement (Fig. 3) . Six patients received a TCSA, four were performed primarily, and two after revision for tumor recurrence. These two had been previously treated with curettage, phenol, and bone cement. One patient received a nonvascularized fibula autograft and three underwent ulna interposition, one as primary treatment and two as secondary reconstruction after curettage. TCSA was only used from 1995 on; other procedures were only used before 1995. After 1995 all patients were reconstructed with TCSA. The mean length of the resection was 9.3 cm (TCSA group, 8.5 cm; osteoarticular allograft group, 9.5 cm).
Appropriate neoadjuvant therapy was provided for patients with osteosarcoma within the EURAMOS protocol [33] . One patient (Patient 1) received radiation therapy for local recurrence before the reconstruction.
We routinely scheduled visits at 6 weeks, 3, 6, 9, 12, and 18 months after surgery, and yearly thereafter until last followup. During these standard followup visits, we initially assessed wound healing and local control and when functional rehabilitation was allowed also ROM using a goniometer. Until bony union [9] was appreciated both clinically (no pain to palpation or axial compression at the osteotomy site[s]) and radiographically (presence of bridging callus at least three cortices), a plain radiograph was taken at every visit and yearly thereafter. We assessed these orthogonal plain radiographs for the presence of local recurrence, bony union, and possible subluxation of the radioulnar and radiocarpal joints. Bony union was evaluated using plain radiographs in two planes. Union was described as bridging callus over the osteotomy or cortical continuity at more than three cortices. [9] During the latest scheduled followup, when all patients were informed on this study, we obtained grip strength measurement of both hands, expressing strength as a percentage of the unaffected side, and completed the necessary questionnaires for wrist function and quality of life. All 13 patients had radiographic examination. All patients were evaluated by an independent research fellow blinded to primary surgical treatment during last followup.
Outcome assessments included the SF-36 [32] , Disabilities of the Arm, Shoulder, and Hand (DASH) [14] and the Musculoskeletal Tumor Society scoring system (MSTS) [10] . The SF-36 consisted of 36 items and measured each of eight general health concepts: physical functioning, role limitations due to physical health problems, bodily pain, general health perception, social functioning, vitality, limitations due to emotional problems, and mental well-being. This resulted in a final score between 0 and 100 with the higher score defining a more favorable state of health [32] . We used the MSTS to measure functional outcome. The latest version of this system evaluated factors that cover the whole patient such as pain, emotional acceptance, and functional activities [10] . The DASH [14, 31] , developed by the American Academy of Orthopaedic Surgeons and Institute for Work and Health, measured the ability to perform different daily care activities and monitored symptoms associated with the condition of the upper extremity. A score of 0 meant no disability and 100 indicated maximum disability. As a result of the small patient groups, we computed only descriptive statistics in SPSS 17.0 (Chicago, IL, USA).
Results
Of the patients treated with either osteoarticular allograft or TCSA, two had local recurrence after reconstruction ( Table 2 ). In one of these (Patient 4), the chondrosarcoma recurred in the surrounding soft tissue within 7 months after reconstruction. After a reresection, the chondrosarcoma recurred again, and the patient finally underwent an above-the-elbow amputation 14 months after the index surgery. In the second case (Patient 11), the giant cell tumor recurred 11 months after the osteoarticular allograft was revised to an arthrodesis because of a fracture. One patient with an ulnar translocation had persistent nonunion; she was revised using cancellous autograft and plate fixation ( Table 2) .
Using clinical examination and plain film radiographs, we observed bony union for the index surgery at one or both sides of the graft in 12 of the initial 17 patients. Median time to final union was 13 months (range, 7-29 months): 16 (range, 13-29) for the osteoarticular allograft group and 11 (range, [9] [10] [11] [12] [13] [14] for the arthrodesis group (Table 2) .
We observed no intraoperative or early postoperative complications. After reconstruction, we saw no wound healing problems or infections ( Table 2 ). In the group of patients reconstructed with osteoarticular allograft, we diagnosed one plate loosening, one fracture, and three nonunions on postoperative radiographs. The patient with plate loosening was successfully revised with iliac bone grafting and refixation. In one case, we treated the nonunion with additional fixation using a DC plate. Three Index surgery n=17 Fig. 3 Flowchart for included patients. Three of seven patients that were initially reconstructed using an osteoarticular allograft were revised to TCSA for nonunion (two) and painful joint collapse. * Nonunion revised to arthrodesis; time to union after revision to tibial autograft interposition arthrodesis; à nonunion after fracture, revised and fused after 12 months. Multiple soft tissue metastases developed 3.9 years after tumor resection about the elbow in the subcutis. A distal transhumeral amputation was performed. The retrieval specimen showed stable fusion between the carpal bones and the tibia autograft; § Patient 4 had an amputation before union was noted. Patients 9, 10, and 17 were lost to followup long after their wrist was clinically and radiographically united and free of complaints or pain; TCSA = tibia cortical strut autograft.
after we had completed final followup measurements. The retrieval specimen showed stable fusion between the carpal bones and the tibia autograft ( Fig. 4) . Besides some mild discomfort around the scar and the expected discomfort caused by the Sarmiento brace, no other donor site morbidity was noted.
We assessed the function in 13 patients ( Table 3) , three of whom were initially treated with an osteoarticular allograft but had a TCSA after allograft failure (Fig. 3) . Pro-and supination were almost absent after ulnar translocation and were only possible in Patient 3 as a result of a pain-free nonunion. After TCSA arthrodesis, radiocarpal function was negligible, but pro-and supination were possible and comparable to patients with osteoarticular allografts (Table 3 ). Grip strength was above 60% of the collateral side in all patients. Median grip strength was 75% of the contralateral side in the TCSA group and 80% for the osteoarticular allograft group.
The median overall MSTS score was 73% compared with the contralateral side (range, 40%-100%). The median DASH score, calculated over the remaining 13 patients, was 5.8 (range, 0-55). Seven patients demonstrated no pain at all (SF-36 bodily pain), but two patients who received an osteoarticular allograft had moderate pain in the last 4 weeks before last followup. All patients who had been employed outside the home preoperatively continued their jobs postoperatively. Median MSTS score was 21.5 for the TCSA group and 22 for the osteoarticular allograft group. The median DASH score in the TCSA group was 9.2 and 10.9 in the osteoarticular allograft. The SF-36 web plot (Fig. 5) shows the slight advantages of TCSA arthrodesis when compared with patients undergoing osteoarticular allograft, Fig. 4 Photograph shows the retrieval specimen of Patient 16 after a distal transhumeral amputation for soft tissue metastasis about the elbow. Full incorporation between the two grafts and fusion between the graft and the carpal bones can be appreciated. particularly for bodily pain scores. Mental health, social functioning, and general health were very dependent on personal factors such as important life events and comorbidity; therefore, we did not discuss them in this analysis. Physical functioning and functional limitations due to physical health problems were similar for both techniques.
Discussion
The surgical treatment of tumors about the distal radius presents a substantial challenge in orthopaedic oncology. There has been no consensus in the limited literature about the best surgical reconstruction of the distal radius after tumor resection; studies have described multiple methods of reconstruction in small patient populations [18] [19] [20] [21] [22] . However, a standard procedure has not yet been formulated as a result of small numbers of patients, differences in surgical techniques, and patient characteristics. The aim of this study was to describe an updated reconstruction and compare its functional outcome with the commonly used osteoarticular allograft reconstruction of the wrist. For this technique, a tibial strut autograft was fused with the first carpal row to perform an arthrodesis as first described by Campbell and Akbarnia in 1975 [6] . The original article clearly describes the use of the proximal tibia to reconstruct the distal radius. It includes the proximal medial tibia in the donor site, imposing a possible risk for patella tendon disruption or complaints of the extensor apparatus. Additionally, the tibia strut was fixed with Kirschner wires in the original technique. We recognize the limitations of this study. First are the retrospective character and small number of patients, which precluded any relevant statistical analyses. However, described indications for distal radius reconstruction are relatively rare. Second, the evaluation of bony union entailed some degree of subjectivity. Even with the most technical support, it was difficult to state definitively that a host-graft junction showed union. Clinical examination combined with radiographs are still most commonly used to assess union [9] , but CT has been proposed more a reliable entity [9] . Therefore, the time of union that we obtained should be considered an approximation. Third, the relative absence of comparable data in the literature on DASH, SF-36, and MSTS scores for both tumor cases or other patients in need of a distal radius reconstruction or arthrodesis made a reliable literature comparison difficult. Several studies [4, 25, 26, 28, 29] have recently published function (ROM, MSTS/DASH) of surgical reconstruction of the distal radius at mean followups of 4-14 years ( Table 4 ). Our data falls within the ranges reported by these authors. Although the ROM for wrist flexion and extension after joint reconstruction using an osteoarticular allograft is superior to arthrodesis, favorable functional scores (MSTS/DASH) for arthrodesis techniques, especially after longer followup, were noted [1, 4, 15, 23-26, 28, 29] . This difference may be explained by the increased risk for joint collapse of the osteoarticular allograft in the long term [26, 28, 29] .
Finally, the possible introduction of inclusion bias, resulting from the difference in timeframes between the compared techniques, should be considered. Although the osteoarticular allograft group showed a considerably longer followup, this did not directly result in higher complication rates because all complications, excluding joint collapse, occurred in the first 2 years of followup. Although a painless, stable, and functional reconstruction of the wrist could be achieved using an osteoarticular allograft, this reconstruction has been preferred for smaller forearm resections with possible preservation of the wrist extensors [17] . In larger segment resections with substantial soft tissue extension, a primary arthrodesis using either auto-or allograft may have provided a better chance for union and a stable wrist resulting from the lack of soft tissues stabilizing the wrist [16] . In addition, an arthrodesis could be a successful salvage procedure after failed joint reconstruction using either osteoarticular allograft or tumor prosthesis. An arthrodesis offered inherent stability, pain relief, adequate hand function, and good grip strength despite the loss of flexion and extension. An additional advantage of a wrist arthrodesis was the possibility to bear substantial loads [5, 7, 8, 20] . Other authors have critically commented on the use of an arthrodesis because it results in limited wrist function as a result of loss in ROM. However, this limited function, in our experience, can still result in a functional hand and lower arm. Additionally, an osteoarticular allograft only partly restored wrist function but was accompanied by a high rate of nonunion, ulnar subluxation, and joint collapse [4, 13, 17] .
Other techniques using either the ulna or a free vascularized fibula to reconstruct the distal radius have also resulted in satisfactory functional results, but it has been anticipated that a one-bone forearm is possibly weaker and, therefore, one would be hesitant to let patients engage in strenuous activities [3, 7, 27] . Also, this type of reconstruction generally did not allow for any pro-or supination. One study reported substantial donor site morbidity in vascularized or nonvascularized autologous fibula grafts as a risk of pain in the leg, valgus deformity of the ankle, or looseness of the collateral ligament of the knee [21] . Additionally, when using autologous vascularized fibula grafts, there is a need for specialized know-how in microsurgical procedures.
The limited reports on tibial strut autografts have probably been the result of concerns about potential donor site morbidity, fractures of the tibia, and functional deficit Table 4 . Functional results for distal radius reconstruction in recent literature after arthrodesis in young patients. Our patients demonstrated no tibial fractures, and complaints concerning the donor site were limited or of short duration. Additionally, we found only one postoperative complication (one fracture resulting in nonunion of the bone graft) in the arthrodesis group. Nonunion occurred in three cases treated by osteoarticular allograft reconstruction. Results presented in the literature, although small in numbers, agreed with our results for union, complication rates, and postoperative function [4, 17, 28] .
If we considered functional outcome as an end point, the results differed between the methods used. Supination was slightly better in the osteoarticular allograft group, but pronation was better in the TCSA group. Flexion and extension were absent in almost all patients reconstructed with a TCSA. No patients had restrictions in ROM of the elbow or shoulder. These results were comparable to other studies reported using an osteoarticular allograft [4, 17, 28] . The outcome measures of the MSTS, SF-36, and DASH indicated a high quality of life in patients treated with TCSA, which was remarkable given the limited ROM. The median DASH and MSTS scores were comparable in patients treated with osteoarticular allograft and TCSA. A small benefit in terms of pain was seen in patients treated with TCSA.
In conclusion, TCSA of the wrist after tumor resection of the distal radius resulted in a stable and painless wrist and presented comparable results for quality-of-life measurement using the SF-36 score when compared with osteoarticular allograft reconstruction of the wrist. With our reported low complication rate for infection, nonunion, and postoperative pain, we now consider TCSA a reasonable alternative to osteoarticular allograft in primary and secondary reconstruction of the distal radius.
